Abstract Trem2 is an orphan, DAP12 associated receptor constitutively expressed in vivo by subsets of microglia in the healthy adult murine CNS and in vitro by subsets of oligodendrocytes in neonatal mixed glial cultures. Loss of a functional Trem2 signaling pathway is the genetic cause of Nasu-Hakola disease. Whether the early onset cognitive dementia and myelin-pallor associated with this disorder are due to deficits in functional Trem2 signaling in microglia and/or oligodendrocytes is still being debated. Here, we find that Trem2/DAP12 expression is detected in embryonic day 14 CNS mRNA. Using dual immunohistochemistry/in situ hybridization, we find that both Trem2 and DAP12 expression always co-localized with markers of microglia/macrophages. However, Trem2/DAP12 positive microglia are found in very close apposition with CNP+ oligodendrocytes prior to myelination (post-natal day 1). In addition, CNS expression of TREM2 and DAP12 are not detected in PU.1KO which lack microglia and macrophages. Our data provide continuing support for Nasu-Hakola disease being identified as a cognitive disorder caused by a primary dysfunction of CNS microglia.
Introduction
Nasu-Hakola disease, also referred to as polycystic lipomembranous osteodysplasia with sclerosing leukoencephalopathy (PLOSL) is a rare recessive human genetic disorder [1, 2] . Nasu-Hakola disease is characterized by early onset cognitive dementia and bone cysts (both evident by the third decade). Individuals with this disease die by their fourth or fifth decade. Seminal studies by Peltonen and colleagues identified loss of function mutations in two separate genes as the causes of this rare disorder: Triggering Receptor Expressed on Myeloid cells-2 (Trem2) and DNAX-activating protein of molecular mass 12 kDa (DAP12), also referred to as killer-cell activating receptorassociated protein (KARAP) and TYROBP [3] [4] [5] .
Trem2 is an orphan receptor that has recently been implicated in limiting the pro-inflammatory activation state of macrophages and promoting expression of molecules associated with presenting antigen to T-lymphocytes [6] [7] [8] [9] . Trem2 belongs to the class of receptors lacking an intracellular signaling tail. To date, only a single molecule has been identified that serves to mediate Trem2 triggered intracellular signaling: DAP12 [6, [10] [11] [12] . DAP12 is a transmembrane adaptor molecule that signals via immunoreceptor tyrosine-based activation motifs (ITAM) [11] [12] [13] [14] . DAP12 is expressed by multiple immune cells in both the myeloid and lymphoid lineages and serves as a signaling partner for multiple receptors including Trem1, Trem2, NKG2D and KIR3DS1 [11] [12] [13] [14] . Despite broad expression within the immune system, functional DAP12 deficiency in humans does not lead to overt widespread deficiencies and/or dysfunction in the immune system [4] . These data suggest that in Nasu-Hakola disease, the loss of functional Trem2 is the only non-redundant, non-compensated function associated with the human DAP12 mutations.
The cognitive dementia and psychosis observed in Nasu-Hakola disease suggested that the mutated genes causing the disease should normally be primarily expressed in neurons in healthy individuals. Surprisingly, we found that subsets of microglia were the only cells expressing Trem2 within the healthy adult murine CNS as assayed by in situ hybridization analysis in previously published studies [15] . Subsequent studies of adult rodent tissue have confirmed these initial findings [16] [17] [18] . In addition, Kiialainen et al. have observed by immunostaining that not all microglia in mixed glial cultures express detectable levels of Trem2 and DAP12 [19] .
Two types of data suggest that Trem2 and DAP12 may play either a direct or indirect role in oligodendrocyte development and function. First, histological analysis of adult CNS tissue from DAP12 knock-out mice in studies by two separate groups revealed modest, diffuse hypomyelination in anterior brain regions that was associated with substantial reductions in CNS microglia [20] [21] [22] . Subsequent gene profiling studies of CNS mRNA isolated from DAP12KO mice by a third group revealed decreased expression of selected myelin transcripts [23] . These data were initially interpreted to suggest a fundamental role for microglia in supporting oligodendrocyte development and/ or myelination. In support of this hypothesis, Trem2 and DAP12 expression near white matter tracts has been detected by in situ hybridization analysis in post-natal developing brain [19] . Unfortunately, the cell type(s) expressing Trem2 and DAP12 within the intact tissue was not determined in these studies.
A second series of in vitro studies have now raised an alternative possibility: that Trem2 and DAP12 might directly regulate oligodendrocyte development and myelination. Specifically, Trem2 and DAP12 expression was detected by RT-PCR and by immunostaining in oligodendrocytes isolated from neonatal mixed glial cultures [19] . While highly suggestive, we and others have observed robust but aberrant gene expression in macroglia and microglia that differentiated in culture in the absence of normal in vivo cues provided by synaptically active neurons [24, 25] . The authors of these same studies raise an additional caution concerning the significance of their detected expression in cultured oligodendrocytes. These authors could not detect any differences in the numbers, rate or extent of oligodendrocyte development in mixed glial cultures established from neonatal wild-type and DAP12 mice [19] .
In summary, loss of function mutations in the Trem2 pathway have been identified as the cause of a neurologic disorder. It is important to ascertain whether these clinical symptoms and neurologic dysfunction are due to primary deficits in microglial versus oligodendrocyte function during development. In the current study, we examined expression during early post-natal developmental ages corresponding to the developmental window modeled by in vitro mixed glial culture systems. Using dual immunohistochemical/in situ hybridization analysis, Trem2 or DAP12 mRNA expression was only found co-indcident with microglia/macrophages and with oligodendendrocytes.
Material and Methods

Microglia Isolation from Murine Neonatal Mixed Glial Cultures
Mixed glial cultures were prepared as previously described [15, 26] . Briefly, brains from newborn C57Bl/6J mice were stripped of meninges, mechanically dissociated, seeded into T-75 flasks and maintained in OM-5 media (D-MEM supplemented with 30 nM SeO 2 , 15 nM T 3 , 10 ng/ml biotin, 3.7 g/ml NaHCO 3 , 1.5 g/ml glucose, 10% FBS and 50 lg/ml gentimicin). After 2-4 weeks, mixed glial cultures were trypsinized and incubated as a single cell suspension in OM-5 media without phenol red for 30 min at 37°C to allow for the re-expression of trypsinized surface markers. Microglia were then purified to [98% purity by flow cytometry using PE-conjugated antibodies directed against FcR/CD16/CD32 (Pharmingen). Cytoplasmic mRNA was prepared from isolated cells immediately after isolation as previously described [15] .
Peritoneal Macrophage Preparation
Peritoneal macrophages were prepared from C57Bl/6J mice as previously described [26] . Briefly, 3.0 ml of aged sterile thioglycolate broth were injected into the peritoneum (Difco, Detroit, MI). Mice were sacrificed 3 days post-injection and peritoneal macrophages were harvested after euthanasia by rinsing the peritoneal cavity with two 5 ml washes of OM5 media supplemented with 5.0 U/ml heparin (Sigma, St. Louis, MO). Exudate cells were plated, allowed to adhere. Nonadherent cells were removed by rinsing the cultures. Greater than 95% of the remaining adherent cells were macrophages (CD11b+ cells).
In situ Hybridization
In situ hybridization was performed on free-floating cryosections sections as previously described [15] . Briefly, coronal sections were hybridized at 55°C for 16 h with a 33 P-labeled riboprobe (10 7 cpm/ml). Excess probe was removed by washing at room temperature for 30 min in 0.03 M NaCl, 0.003 M sodium citrate (29 SSC) containing 10 mM b-mercaptoethanol, followed by a 1 h incubation with 4 lg/ml ribonuclease, 0.5 M NaCl, 0. 0.05 M Tris-HCl (pH 7.5) at 37°C. Sections were than washed under high stringency conditions for 2 h at 55°C in 0.59 SSC, 50% formamide, 10 mM b-mercaptoethanol, followed by a 1 h at 68°C in 0.19 SSC, 5 mM b-mercaptoethanol, 5% sarkosyl. Myeloid cells (microglia and macrophages) and blood vessels were identified by their ability to bind biotinylated tomato lectin (Sigma). Bound biotinylated tomato lectin was visualized by standard strepavidin, horseradish peroxidase (HRP) methodology [15] . Sections were mounted onto Fisherbrand superfrost/plus slides and dehydrated with ethanol and chloroform. Slides were exposed for 3 days to Kodak X-AR film and dipped in Ilford K-5 emulsion. After 3-4 weeks, slides were developed with Kodak D19 developer, fixed and counterstained with Mayer's hematoxylin.
Northern Blot
For northern blots, 2 lg per lane of poly A+ RNA were resolved by electrophoresis in a 1.5% agarose/1.2 M formaldehyde gel, transferred to nylon membrane and hybridized with 32 P-radiolabeled probes as previously described [15, 27] . Nylon membranes were exposed to Kodak X-AR film for 16 h (short exposure) and then for an additional 2 weeks (long exposure). Densitometry was quantified using ImageJ (NIH public domain software: http://rsb.info.nigh.gov/ij/).
Results
Trem2 belongs to the class of receptors lacking an intracellular signaling tail and thus depends on the transmembrane adaptor molecule DAP12 to mediate Trem2 induced signaling [6, 8, 28] . We previously reported that Trem2 is readily detected in unstimulated microglia from murine neonatal mixed glial cultures isolated by flow cytometric cell sorting and in thioglycolate-elicited peritoneal macrophages [15] . By reprobing the same northern blot used to quantify Trem2 expression (Fig. 1 in Ref.
[15]), we now report that DAP12 is expressed at very high levels in these same purified microglia and macrophage populations (Fig. 1) . DAP12 expression is also downregulated in both cultured microglia and macrophages following 22 h of LPS/IFNg treatment (100 ng/10 Units per ml). The degree of Trem2 and DAP12 repression was not identical. While Trem2 expression was repressed by 60-70%, DAP12 expression was repressed by *35-45% after 22 h of treatment in these same samples. In addition, the different exposure times required to visualize DAP12 and Trem2 expression on the same northern blot suggests that DAP12 is expressed at much higher levels than Trem2 in both microglia and macrophages. Trem2 expression could only be detected following exposure times of 2 weeks. Robust DAP12 expression was readily detected within 16 h exposure time following re-probing of the same northern blot.
Although the precise date of microglial appearance in the CNS and/or neuroectodermal tissue is not resolved, microglia are easily detected histologically in the CNS from embryonic day 14 onward [24] . We therefore used northern blot analysis to quantify DAP12 and Trem2 expression in mRNA isolated from whole brain tissue from embryonic day 14 through young adulthood (Fig. 2) . DAP12 expression was readily detected in murine brain RNA at all ages (Fig. 2a) . Trem2 expression was also detected at all ages, although the level of expression was substantially lower (Fig. 2a) . DAP12 and Trem2 expression levels per sample were normalized to cyclophilin expression and quantified revealing only modest increases in expression as a function of increasing age.
We have previously demonstrated that only subsets of microglia express detectable levels of Trem2 in the adult CNS as analyzed by in situ hybridization analysis [15] . Subsequent studies have reported that oligodendrocytes Fig. 1 DAP12 is abundantly expressed in microglia isolated from mixed glial culture. The same northern blots previously probed for Trem2 expression [15] , were probed for DAP12 and exposed for only 16 h (a). This same blot was probed with cyclophillin (cycloph) as a mRNA loading control. DAP12 expression was quantified and normalized to the cyclophillin control (b). MG: microglia isolated from mixed glial cultures. MP: thioglycolate-elicited macrophages differentiating in neonatal mixed glial cultures express DAP12 and Trem2 [19] . Here we directly examined the extent that Trem2 and DAP12 were expressed in vivo by oligodendrocytes and microglia and macrophages during the neonatal periods associated with oligodendrocyte development and early myelination: postnatal day 1 (Fig. 3 ) and postnatal day 10 (Fig. 4) . In these experiment 2 0 3 0 cyclic nucleotide phosphodiesterase (CNP) was used as a marker for oligodendrocytes (Figs. 3a, 4a) , tomato lectin as a marker of blood vessels, microglia and macrophages (Figs. 3b, 4b) . In tissue sections, we can readily distinguish between the tubular structure of blood vessels and the nucleated cellular structure of microglia and macrophages. Histologically, microglia and macrophages cannot be distinguished and will be considered a single class of CNS macrophages for the purposes of this study.
Strikingly, at both post-natal days 1 and 10, DAP12 positive and Trem2 positive cells were frequently detected surrounding CNP positive cells (Figs. 3a and 4a ), but DAP12/Trem2 expression were never completely coincident with CNP. At post-natal day 1, these DAP12 and Trem2 positive cells were often found in very close apposition to CNP+ cells. The apposition of DAP12 and CNP expression was occasionally so close that in some of our initial screens, rare CNP+ cells were classified as DAP12+ (Fig. 3a) . However, conclusive co-expression of DAP12 and CNP was never detected when a careful comparison of the location of the CNP+ cell body (Fig. 3ai : grey left pointing arrow) and the DAP12 expression were made. For example, the two clusters of emulsion grains corresponding to DAP12 expression are located not over the CNP+ cell body but are located on hematoxylin+, CNP-cells very near the CNP+ cell (Fig. 3ai-ii) . TREM-2 expression was similarly observed to cluster around CNP+ cells at post-natal day 1 (Fig. 3aiii-iv) . By contrast, DAP12 and Trem2 expression was completely coincident with tomato lectin positive cells (microglia and/or macrophages) (Fig. 3b) . At this age, all tomato lectin positive cells expressed detectable levels of both DAP12 and Trem2. Conversely, in these same sections, DAP12/Trem2 expression were never detected on lectin negative cells (Fig. 3b) . DAP12 and Trem2 expression was also not detected on tomato lectin positive blood vessels. The DAP12 and Trem2 studies depicted in Fig. 3b were performed together with the same reagents and allowed to develop during the same 4 week timeframe. Therefore, the lower level of emulsion grains detected in the P1 tissue sections treated with Trem2 riboprobes as compared to those treated with DAP12 riboprobes is consistent with lower level of Trem2 expression detected by the northern blot analysis (Fig. 2) .
By post-natal day 10, CNP immunoreactivity visualizes not only the oligodendrocyte cell body but also the ongoing myelination of axons surrounding the oligodendrocyte (Fig. 4a) . At this age, DAP12 and Trem2 expression is again observed in cells surrounding CNP+ cells, but is not observed co-incident with CNP expression (Fig. 4a) . Conversely, DAP12 and Trem2 expression is again always observed co-incident with tomato lectin+ cells (Fig. 4b) . Within the corpus collosum, these DAP12+, tomato lectin+ cells are located in very close apposition to tomato lectin negative cells (Fig. 4b) . It is also important to note, that by post-natal day 10 the level of DAP12 and Trem2 expression per tomato lectin positive cell was no longer as uniform as that observed at post-natal day 1. DAP12 and Trem2 expression could still be detected on most tomato lectin positive cells at post-natal day 10. However, scattered tomato lectin postive, DAP12/TREM2 negative cells were now apparent throughout the CNS. The same general pattern of expression was observed in tissue from postnatal day 15 and 20 (data not shown).
Finally, we characterized Trem2 and DAP12 expression in mice lacking the transcription factor PU.1 [29] . PU.1 mice fail to develop cells of myeloid lineage. While these knockout mice survive to birth, they rarely survive for more than a day or two post-birth. Here, we confirm that post-natal day 1 PU.1 KO mice do lack microglia in all regions of the CNS (Fig. 5) . While blood vessels are strongly labeled (Fig. 5a and b, arrows), no microglia could be detected even when HRP immunoreactivity was allowed to proceed for extended periods (resulting in elevated HRP background labeling of tissue). DAP12 expression is known to be PU.1 dependent [30] and thus the failure to detect DAP12 expression in PU.1 CNS tissue was predicted (Fig. 5a) . However, Trem2 expression was also undetectable by in situ hybridization analysis of PU.1 KO CNS (Fig. 5b) .
Discussion
Seminal studies by Peltonen and colleagues identified loss of function mutations in Trem2 and DAP12, as the genetic cause of the recessive genetic disorder, Nasu-Hakola disease [3] [4] [5] . Nasu-Hakola disease is defined by early onset cognitive dementia and bone abnormalities [1, 2] . Therefore, it was logical to postulate that CNS neurons and osteoblasts would be the primary cells expressing these molecules within the CNS and bone respectively. At the time these positional cloning studies were published, the expression of both of these molecules in peripheral (non-CNS) myeloid cells had already been described [6, [8] [9] [10] . Subsequently, Microglia, macrophages and blood vessels are visualized in brown using tomato lectin. DAP12 and Trem2 expression is visualized as in Fig. 3a . Arrows indicate DAP12+ (bi, bii) and Trem2+ (aiii, biv) cells (Note: For interpretation of the references to color in this figure legend, the reader is referred to the online version of this article) osteoclasts (myeloid lineage) not osteoblasts were found to express these molecules in bone [8] . Furthermore, we reported that in the healthy adult murine CNS, only subsets of microglia expressed Trem2 mRNA as assayed by in situ hybridization analysis [15] . However, in vitro studies indicated the potential for oligodendrocytes to express Trem2 and DAP12 while DAP12 KO mice were observed to display modest myelin abnormalities [19] [20] [21] [22] . Here we directly characterize microglial and oligodendrocyte expression of Trem2 and DAP12 by dual immunohistochemistry/in situ hybridization analysis during post-natal period of oligodendrocyte development and myelination.
In our current studies, we find that DAP12 is expressed at very high levels in microglia isolated from the same mixed glial culture systems used to characterize oligodendrocyte development and gene expression. These data do suggest that it is essential to monitor expression of microglial specific molecules in real-time PCR studies using cells purified from mixed glial cultures to quantify the degree of microglial contamination. Simple immunostaining assays often underreport the percentages of microglia in purified cells for the simple reason that the fixation conditions optimal for most macroglial-specific antisera (paraformaldehyde) substantially reduce the immunostaining of microglial/macrophagespecific antisera [24, 26] . In addition, microglia in mixed glial cultures are found not only on the surface of astrocytes, but also narrowly interplexed between other much larger cells [24, 26] . Altogether these factors can contribute to misassigning microglial gene expression to the other macroglia present in mixed glial culture systems.
Our in vivo developmental studies do confirm the ability of Trem2 and DAP12 to indirectly modulate CNS development from as early as embryonic day 14. We can never exclude that oligodendrocytes express very low levels of Trem2 or DAP12 below our level of our detection or before post-natal day 1. However, using dual immunohistochemistry/in situ hybridization analysis, both DAP12 and Trem2 expression was always found to co-localize with tomato lectin, a marker of microglia, macrophages and blood vessels. It is important to note, that in these tomato lectin stained sections, Trem2 or DAP12 expression was never observed on cells negative for tomato lectin. Consistent with these observations, we also fail to detect either Trem2 or DAP12 expression in mouse model that lacks all macrophage populations including microglia: PU.1 knock-out mice. Taken together, these data do suggest that myelin deficits in DAP12 KO mice and in individuals with NasuHakola disease are highly unlikely to be due to loss of a functional Trem2 pathway in oligodendrocytes.
Although the percentage of microglia does increase during post-natal development, we and others have not observed a robust increase in either Trem2 or DAP12 expression with age [19] . This may result in part from an age-correlated increase in heterogeneity of expression, both in the level of expression and percentages of Trem2 and DAP12 expressing microglia. Microglia can be induced to express other DAP12-associated receptors including Trem1 (Thrash and Carson, unpublished data). It is uncertain and unexamined whether these other DAP12 (but not Trem2) associated microglial functions may play any role in CNS disorders including Nasu-Hakola.
In tissue sections labeled with CNP antisera, it was evident that Trem2 and DAP12 positive cells were in frequent close apposition to oligodendrocytes. The very close apposition demonstrated in Fig. 3a was most often detected near oligodendrocytes that had not yet extended myelin to surrounding axons. In vitro studies have suggested that microglia have the potential to play protective or supportive roles in oligodendrocyte development (reviewed in [31, 32] ). While, DAP12 KO mice exhibit oligodendrocyte and myelin deficiencies, the data presented here do not prove a oligodendrocyte/myelin-supporting function for Trem2/DAP12 microglia during development. However, Trem2 overexpression and knock-down studies have demonstrated that Trem2 does function to inhibit microglial and macrophage cytokine expression, to limit the severity of anti-CNS pro-inflammatory immune responses, and does function to promote microglial phagocytosis of neuronal cell debris [8, [16] [17] [18] . Therefore, it is possible that the myelin deficits observed in humans and mice lacking functional Trem2 pathways are the result of insufficient suppression of microglial activation. While much is still left to define, the data presented here provide continuing support for NasuHakola disease being the first neuropsychological disorder identified as resulting from a primary dysfunction in microglia.
